Sensory adaptation by the chemotaxis system of Escherichia coli requires adjustments of the extent of methyl esterification of the chemotaxis receptor proteins. One mechanism utilized by E. coli to make such adjustments is to control the activity of CheB, the enzyme responsible for removing receptor The signal transduction mechanisms of many sensory transduction systems are responsible not only for translating extracellular stimuli into intracellular signals but also for integrating input from multiple receptors and for enabling adaptation to constant levels of stimuli. In many sensory systems the processes of integration and adaptation are not well defined at a molecular level, but recent advances in our understanding of the biochemistry of signal transduction in the bacterial chemotaxis system (10-12, 29) may soon make it possible to understand the biochemistry of adaptation and integration in this system.
Sensory adaptation by the chemotaxis system of Escherichia coli requires adjustments of the extent of methyl esterification of the chemotaxis receptor proteins. One mechanism utilized by E. coli to make such adjustments is to control the activity of CheB, the enzyme responsible for removing receptor methyl ester groups. Previous work has established the existence of a multicomponent signal transduction pathway that enables the chemotaxis receptor proteins to control the methylesterase activity in response to chemotactic stimuli. We isolated and characterized CheB mutants that do not respond normally to this control mechanism. In intact cells these CheB variants could not be activated in response to negative chemotaxis stimuli. Further characterization indicated that these CheB variants could not be phosphorylated by the chemotaxis protein kinase CheA. Disruption of the mechanism responsible for regulating methylesterase activity was also observed in cells carrying chromosomal deletions of either cheA or cheW as well as in cells expressing mutant versions of CheA that lacked kinase activity. These results provide further support for recent proposals that activation of the methylesterase activity of CheB involves phosphorylation of CheB by CheA. Furthermore, our findings suggest that CheW plays an essential role in enabling the chemotaxis receptor proteins to control the methylesterase activity, possibly by controlling the CheA-CheB phosphotransfer reaction.
The signal transduction mechanisms of many sensory transduction systems are responsible not only for translating extracellular stimuli into intracellular signals but also for integrating input from multiple receptors and for enabling adaptation to constant levels of stimuli. In many sensory systems the processes of integration and adaptation are not well defined at a molecular level, but recent advances in our understanding of the biochemistry of signal transduction in the bacterial chemotaxis system (10) (11) (12) 29) may soon make it possible to understand the biochemistry of adaptation and integration in this system.
The chemotaxis system of Escherichia coli is comprised of approximately 12 proteins that interact to control the swimming behavior of a cell by controlling the direction of rotation of its flagellar motors (for reviews, see references 21, 32, and 45) . This system causes rapid changes of swimming patterns in response to various stimuli, and the events responsible for these rapid responses are collectively referred to as the excitation process (22, 40, 53) . After the excitation response, the chemotaxis control system has the ability to adapt (if the stimulus intensity remains constant for a defined interval) by returning the swimming behavior of the cell to the prestimulus pattern (1, 22, 44) . Both excitation and adaptation are essential for chemotaxis.
Although the detailed biochemical mechanism of adaptation has not yet been defined, numerous results indicate that reversible methylation of the receptor proteins is a key element of this mechanism (7-9, 33, 54) . These methyl groups are attached to the side chains of specific glutamate residues as methyl esters (four or more per receptor molecule) in a reaction catalyzed by the CheR protein (43) .
Hydrolysis of these methyl ester groups is catalyzed by the CheB protein (49) . Both the methyltransferase (CheR) and methylesterase (CheB) are active to some extent at all times; consequently, the receptor proteins are methylated to an extent that reflects the relative activities of CheR and CheB. Adaptation requires adjustments of the number of methyl ester groups on the receptor proteins. Such adjustments appear to be utilized to counteract the signals caused by changes in receptor occupancy that result from changes in concentration of attractants and repellents (33, 34) . Changes of receptor methylation levels are achieved, in part, by controlling the activity of the chemotaxis methylesterase, CheB. To facilitate adaptation to attractant stimuli, methylesterase activity is turned down for an appropriate interval to allow receptor methylation levels to rise. To facilitate adaptation to repellent stimuli, the methylesterase is activated for an appropriate interval, thereby decreasing receptor methylation levels (14, 15, 42, 52) .
In the work presented in this communication we investigated two issues concerning control of the chemotaxis methylesterase: (i) what are the biochemical events responsible for altering the intrinsic methylesterase activity of CheB in response to signals from the chemotaxis receptors, and (ii) what components of the chemotaxis signal transduction machinery participate in this control mechanism? Recent progress in other laboratories has indicated that phosphorylation of CheB by the chemotaxis protein kinase CheA (11, 29) is probably directly responsible for activation of the methylesterase activity of CheB. Lupus and Stock (20) demonstrated methylesterase activation in a reconstituted system that included methylated receptors (in membrane vesicles), CheB, CheA, and ATP. They also demonstrated that phosphorylation of CheB occurs in the N-terminal 40% of the protein. When this segment of CheB is removed (either genetically or proteolytically), the remaining C-terminal 60% of CheB is functional as a methylesterase, but it MUTATIONS THAT AFFECT CONTROL OF CheB 3389 cannot be activated by the chemotaxis system in vivo (20, 46) or in vitro (20, 51) . Thus, the N-terminal 40% of CheB is necessary both for methylesterase activation and for phosphorylation of CheB by CheA, supporting the proposal that CheB phosphorylation is directly responsible for the methylesterase activation (11) .
Our approach to testing the role of CheB phosphorylation in controlling methylesterase activity has been to isolate cheB point mutations that disrupt this control and then to determine whether these mutations also disrupt the phosphotransfer reaction between CheA and CheB. We expected that the single-amino-acid changes caused by these mutations would not have drastic effects on the structure of the CheB protein, and so they would provide a more rigorous test of the role of CheB phosphorylation than that provided by the experiments in which the N-terminal 40% of the protein was removed (20, 46 (25) .
A similar plasmid in which the cheA gene was placed downstream of the lacUV5 promoter resulted in production of CheA protein at levels higher than that found in wild-type cells, even in the absence of IPTG. This overexpression had detrimental effects on chemotaxis ability and eliminated normal control of methylesterase activity. To achieve lower levels of expression that matched the wild-type level, we employed the low-copy-number plasmid pFYZllacuv-5 [95] (obtained from S. Bourgeois [17] ). By placing the cheA gene immediately downstream of the lacUVS promoter in the polylinker of this plasmid, we obtained an expression vector that directed production of wild-type levels of the CheA protein when fully induced by IPTG. This plasmid carried a 2-kilobase segment of the mocha operon that started at the DdeI site 60 base pairs upstream of the cheA start codon and that ended at the EcoRV site 110 base pairs downstream of the cheA stop codon (25) . All AcheA strains that we tested (RP1785, RP1787, RP1788, RP1789, and D404) were also defective in producing CheW. Therefore, in experiments to determine the effects of the absence of CheA on methylesterase control, we utilized a cheW expression plasmid similar to that described above for cheB. Immunoblot experiments were performed to determine the concentration of IPTG that resulted in wild-type levels of CheW for each strain of interest. For experiments in which we determined the effects of various plasmid-encoded mutant versions of VOL. 172, 1990 3390 STEWART ET AL.
CheA, we included the cheW gene on the same single-copy plasmid as cheA or, alternatively, provided cheW on a second compatible plasmid. These two approaches of providing CheW gave equivalent results. Overexpression plasmids encoding CheA mutants H48Q, H48D, and H48E were generously provided by Bob Bourret and Mel Simon. The 238-base-pair BsmI-StuI fragment of cheA carrying each mutation was used to replace the corresponding segment of wild-type cheA in the low-copy-number pFYZ1 derivative (see above) to enable production of these mutant forms of CheA at normal levels. To facilitate purification of the CheA and CheB proteins, we constructed plasmids that enabled their overproduction by inserting the cheA or cheB gene immediately downstream of the tac promoter in plasmid pTTQ18 (purchased from Amersham Corp., Arlington Heights, Ill.).
CheB mutants D1ON, L99P, and H191Y were obtained by random hydroxylamine mutagenesis of the plasmid-encoded cheB gene as reported previously (24) . These mutants were identified initially by their failure to enable normal swarming in strain RP4972. Subsequent characterization (immunoblots) indicated that these mutations did not adversely affect the level of CheB production or the apparent susceptibility of the protein to endogenous proteases. After each mutation was mapped to a specific restriction fragment (200 to 300 base pairs), the DNA sequence change associated with each mutation was determined by using the dideoxy procedure of Sanger et al. (38) with single-stranded plasmid DNA as a template. The DNA sequence changes responsible for CheB mutations D11N, D11E, D56N, and D56E were generated by oligonucleotide-directed mutagenesis by the strand selection procedure of Kunkel (18) . These residues were chosen for mutagenesis because they are conserved elements of the regulator segments in many two-component sensoryresponse systems, as discussed below. In each case, the 182-base-pair ClaI-to-SstII segment of the mutagenized DNA (spanning the cheB start codon and the mutation site) was sequenced to confirm that the intended mutation was the only change obtained and then used to replace the corresponding segment of the wild-type cheB gene in the expression plasmid described above. Construction of the N-terminal cheB deletion mutants and the cheB-lacZ translational fusions has been described previously (46) . CheBA and CheBA Affinity purification of CheB antibody. CheB antiserum was isolated from rabbits that had been injected intradermally with 0.2 mg of purified CheB in Freund complete adjuvant and boosted with injections of 0.1 mg of CheB in Freund incomplete adjuvant 4 weeks after the initial injection. Serum was collected 10 days after each boost. A protease-free immunoglobulin G fraction was isolated from this serum by passing it over a DEAE Affi-Gel Blue column (3) . To isolate CheB-specific antibodies from this immunoglobulin G fraction, we first bound these antibodies to a Sepharose 4B column to which 2 mg of purified CheB had been covalently attached (39) . The column was then washed successively with 10 column volumes each of phosphatebuffered saline, 0.1 M acetate (pH 5.5) containing 1 M NaCl, 0.1 M carbonate (pH 8.5) containing 1 M NaCl, and phosphate-buffered saline again. The CheB-specific immunoglobulin G fraction was then eluted from the affinity column with 0.2 M glycine (pH 2.4). Fractions of 1 ml were collected and neutralized immediately with 1 M Tris base. Fractions containing protein were dialyzed against phosphate-buffered saline, concentrated, and stored at -80°C. When these affinity-purified antibodies were used to perform immunoprecipitations from cells labeled with [35S]methionine, over 99% of the labeled protein isolated was CheB. When the affinity-purified antibodies were used in performing Western immunoblots of whole-cell extracts, they enabled specific detection of a 38-kilodalton protein (CheB) that was absent in a cheB strain and a minor 21-kilodalton species that represents a proteolysis product of CheB (41) . No other protein bands were detected in immunoblots of extracts of strain RP437, and no bands were detected in extracts of the AcheB strain RP4972.
CheA phosphatase assays. We determined the ability of various forms of CheB to catalyze dephosphorylation of purified 32P-labeled phospho-CheA. Each assay involved three basic steps: (i) immunoprecipitation of CheB from cytosolic extracts (prepared as described above), (ii) incubation of the immunoprecipitates with purified phosphoCheA (generated as described above) and removal of samples at appropriate intervals to enable quenching of the reaction, and (iii) quantitation of the level of phospho-CheA remaining at each time point and the levels of CheB in each reaction. Immunoprecipitations were performed by a modification of a previously reported procedure (56) . Samples of 100 ,ul of freshly thawed cell extracts (representing the soluble contents of approximately 1010 cells) were mixed with approximately 1 ,ug of affinity-purified CheB antibodies and placed on ice for 60 min. Then 5 mg of protein ASepharose 4B beads (preswollen in 100 ,u1 of extract buffer) was added, and this mixture was left on ice for 60 min with frequent, gentle mixing (every 5 to 10 min). The beads were then isolated by centrifugation, washed three times with 1 ml of RIPA buffer (1% sodium deoxycholate, 1% Triton X-100, 0.1% sodium dodecyl sulfate [SDS], 200 mM NaCl, 50 mM Tris hydrochloride [pH 7.4]), once with 1 ml of RIPA buffer without SDS, and twice with 1 ml of 2 x reaction buffer (100 mM Tris hydrochloride [pH 7.5], 100 mM KCl, 20 mM MgCl2, 0.1 mM EDTA, 1 mM dithiothreitol, 20%o glycerol). Before removal of the last wash, samples were allowed to sit at room temperature for 30 min. Then each sample was centrifuged to pellet the beads, which were then suspended in 100 ,ul of 2 x reaction buffer. Half of each sample was then used immediately for the phosphatase assays, and the remainder was stored for subsequent quantitation of CheB levels by immunoblotting. Preliminary experiments indicated the appropriate amounts of extract and antibody to use in the immunoprecipitations to ensure that CheB was present in significant excess over antibody, such that the amount of CheB isolated by this procedure was not affected by small differences in CheB levels in the various extracts or by minor differences in the affinity of the antibody for the various mutant versions of CheB.
Phosphatase reactions were initiated by adding an appropriate volume of phospho-CheA to a CheB immunoprecipitate that had been suspended-in 2x reaction buffer. In this assay CheB remains bound to the protein A-Sepharose beads (through the immunoglobulin G complex) but is still capable of catalyzing CheA dephosphorylation. At 30-s intervals samples were removed, and the reaction was quenched either by adding an equal volume of 2x SDS gel sample buffer (0.25 M Tris hydrochloride [pH 6.81, 4% SDS, 20% sucrose, 10% P-mercaptoethanol, 0.2% bromphenol blue) or by spotting onto nitrocellulose squares. The samples that had been placed in SDS sample buffer were subjected to SDS-polyacrylamide gel electrophoresis (19) on 12.5% polyacrylamide gels. After the gels were dried and autoradiographed to locate the phospho-CheA bands, these bands were cut out and placed in scintillation cocktail before counting to determine the amount of phospho-CheA remaining. Samples that had been spotted onto nitrocellulose were washed three times in 50 mM sodium carbonate to remove inorganic phosphate, dried briefly, and placed in scintillation cocktail to enable counting.
CheB levels were determined by immunoblotting. Protein A-Sepharose immunoprecipitates were placed in SDS gel sample buffer, heated to 100°C for 2 min, and then subjected to SDS-polyacrylaiude electrophoresis. After overnight transfer (150 mA) from the gel to a nitrocellulose or polyvinylidene difluoride (Iio4.obilon) membrane, hybridization of CheB-specific primary antibodies and alkaline phosphataseconjugated second antibody (Promega Biotec Co., Madison, Wis.) were performed as described previously (46) . Color development was performed with Nitro Blue Tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate (BCIP) as suggested by the manufacturer (Promega). Visual inspection of the intensity of the detected CheB bands indicated that the levels of CheB isolated by immunoprecipitation under the conditions specified above were virtually identical for each of the CheB variants. Further quantitation was performed by cutting out the Nitro Blue Tetrazolium-stained bands and placing them in 1 mM p-nitrophenyl phosphate in 0.1 M glycine (pH 10.5) and monitoring the rate of change of A405 resulting from conversion of p-nitrophenyl phosphate to p-nitrophenol catalyzed by the immobilized alkaline phosphatase.
Methylesterase assays. Flow-chase methylesterase assays were performed by the basic method developed by Kehry et al. (14) with the minor modifications reported previously (46) . In general, this assay involved incubating cells with [3H]methionine to allow labeling of the methylester positions of the receptor proteins, then replacing the labeled methionine pool with excess cold methionine, and then placing these cells on a filter unit over which medium was pumped. Flow-through fractions containing the methanol produced by the cells on the filter were collected and assayed for volatile 3H content by vapor phase transfer (4) . By exposing cells to media containing different additions, we were able to subject the cells to various attractant or repellent stimuli and to monitor the resulting changes of the rate of methanol production by the cells.
Control of CheB methylesterase activity in response to chemotactic stimuli requires that CheA, CheW, and CheB be present at the same respective levels as those found in wild-type chemotactic cells. Underexpression or overexpression of these components can eliminate normal methylesterase control. Therefore, all flow-chase methylesterase assays reported here were performed with cells expressing the desired components (whether mutant or wild type) at wild-type levels. These levels of expression were achieved by utilizing regulatable lac promoters and appropriate levels of the inducer IPTG in the growth medium as described above.
RESULTS
Isolation of cheB mutants incapable of activation. E. coli strains carrying a chromosomal deletion of the cheB gene are nonchemotactic (30, 31) , and this defect is readily observed as an inability to form expanding rings or swarms when colonies are grown in semisolid agar swarm plates. Chemotactic swarming is restored in cheB strains by providing a plasmid that directs expression of plasmid-encoded cheB at appropriate levels. Utilizing this swarm assay as a first screen, we identified plasmid-encoded cheB mutants that were defective in complementing a cheB deletion. Immunoblots with CheB antibody were then used as a second screen to identify mutations that did not affect the apparent size or amount of CheB protein produced. Using the in vivo flow chase assay of the methylesterase developed by Kehry et al. (14) , we then screened this collection of 20 mutants to identify variants in which normal control of the methylesterase activity had been abolished, although the esterase activity itself was maintained. Several missense mutants of this type were identified, and the amino acid changes (deduced from the DNA sequences of these mutants) were determined ( Table 1) . As detailed in Materials and Methods, these mutations were generated by a variety of procedures, including random hydroxylamine mutagenesis of the cheB 25 ,uM L-serine) 22 min after initiation of the cold chase and then to a decrease (from 25 ,uM to-0 L-serine) 42 (Fig. 2) , we did not observe accumulation of phospho-CheB in assays performed with the nonactivating CheB mutants, and therefore we believe that these forms of CheB are ineffective as phosphatases because they cannot be phosphorylated by CheA. These results are consistent with the proposal that phosphotransfer from CheA to CheB is the mechanism utilized in vivo to achieve methylesterase activation in response to negative chemotactic stimuli.
N-terminal segment of CheB is a phosphotransfer domain. Previously, we demonstrated that the N-terminal half of CheB plays an important role in methylesterase control (46) ; deleting the N-terminal 40o of CheB eliminated the activation response, although the residual C-terminal 60% of the protein is otherwise functional as a methylesterase (41, 46) . Therefore, we investigated the ability of the N-terminal portion of CheB to dephosphorylate CheA. Immunoprecipitates of several CheB-LacZ fusion proteins (containing various N-terminal segments of CheB) readily catalyzed dephosphorylation of CheA in vitro (Fig. 3, Table 1 ). These fusion proteins had no detectable methylesterase activity, as expected since we had deleted the C-terminal segment of CheB that contains the methylesterase active site (41) . Results of phosphatase assays performed with a CheB point mutant that lacked methylesterase activity (CheB H191Y) also indicated that phosphatase activity could be maintained in the complete absence of methylesterase activity (Table 1) . These results indicate that the phosphotransfer site and autophosphatase active site of CheB fall in the N-terminal 40% of the protein and that the phosphotransfer activity of CheB does not require the participation of the C-terminal methylesterase domain. These results corroborate the findings of Lupas and Stock (20) , who determined that thẽ N-terminal 133 residues of the CheB protein from S. typhimurium are functional as a CheA phosphatase. In conjunction with previous results, our findings indicate that CheB has two enzymatic activities (a receptor methylesterase activity and a CheA phosphatase activity) and that these activities are associated with distinct regions of the CheB protein. These activities can exist independently of one another in various mutant forms of the protein. With the wild-type CheB protein, the phosphatase and methylesterase activities are closely linked, in that phosphorylation of CheB by CheA is necessary to achieve activation of the methylesterase in response to negative chemotactic stimuli.
Methylesterase activation requires CheA autophosphorylation and CheW. To further substantiate the proposed regulatory role for the CheA-CheB phosphotransfer reaction, we investigated control of methylesterase activity in cells that were incapable of CheA autophosphorylation. Histidine residue 48 is the CheA autophosphorylation site; when this residue is changed to glutamine (by oligonucleotide-directed mutagenesis), CheA autophosphorylation is eliminated in vitro (10). We confirmed this observation for CheA H48Q and for two additional mutants, CheA H48E and CheA H48D. When these forms of CheA were expressed in cells carrying a chromosomal deletion of the wild-type cheA gene, the cells were incapable of directing methylesterase activation in response to negative stimuli ( Table 2 , Fig. 4 ). For example, methylesterase activity did not respond to a strong repellent stimulus in cells expressing the nonphosphorylating CheA mutant H48Q (Fig. 4B) . With nonphosphorylating CheA mutants we still observed normal methylesterase inhibition in response to attractant addition and reversal of this inhibition in response to attractant removal (Fig. 4A ) in much the same way as was observed with the various nonactivating CheB variants. This aspect of methylesterase control did not appear to require CheA phosphorylation and CheA-CheB phosphotransfer. In fact, inhibition of the methylesterase appeared normal in the complete absence of the CheA protein (Fig. 4A) . However, in the absence of CheA and in situations where phosphorylation of CheA has been disrupted, when cells are subjected to negative chemotactic stimuli (a repellent increase or an attractant decrease) they are incapable of activating the methylesterase significantly above the basal steady-state level of an unstimulated cell, indicating the importance of CheA autophosphorylation for CheB activation.
We also examined methylesterase control in cells completely lacking CheW (as a result of a chromosomal cheW deletion). In the absence of CheW, activation of the methylesterase in response to negative stimuli (either attractant removal or repellent addition) was essentially absent (Fig.  5 ). In addition, CheW was necessary to achieve the normal extent of methylesterase inhibition in response to attractant stimuli, although some residual inhibition (as much as 20 to 30% of the normal response) appeared to be maintained in the absence of CheW.
DISCUSSION
The methylesterase activity of CheB is controlled by the chemotaxis system of E. coli in response to chemical stimuli in a manner that promotes alterations of receptor methylation levels that are appropriate for adaptation (14, 15, 42, 52) . With the goal of understanding the processes that enable this control, we studied numerous mutations that adversely affect it. Specifically, we isolated several CheB variants that were incapable of becoming activated in response to negative stimuli. In each of these cases we observed that the mutant CheB protein was incapable of accepting a phosphoryl group from phospho-CheA in vitro. Furthermore, cheA point mutations that eliminated the CheA autophosphorylation site resulted in a loss of in vivo methylesterase activation. Our results indicate that phosphotransfer from the chemotaxis kinase CheA to CheB is an essential step in activating the methylesterase activity of CheB in response to negative stimuli. These results fully support and complement the results of Lupas and Stock (20) , who reached a similar conclusion based on in vitro activation experiments and studies of an N-terminal deletion mutant of CheB.
We are also interested in establishing the pathway of communication that enables the chemotaxis receptor proteins to control the methylesterase activity of CheB. Previously we established that CheY and CheZ are not required for this communication (47) . As discussed above, CheA is directly responsible for methylesterase activation. In this publication, we established that CheW is required in addition to CheA to enable this activation in response to negative (6, 20, 57) . Thus, information appears to be communicated from the receptors to CheB and CheY via a common pathway (47) . In this way, the signal transduction Establishing the existence of a regulatory interaction between CheA and the N-terminal half of CheB lends support to recent proposals that many procaryotic sensory response systems operate via similar mechanisms (16, 28, 35, 48, 50, 55) . In most of these other systems, two interacting proteins are thought to be responsible for controlling J. BACTERIOL. expression of specific genes in response to various environmental conditions. In each of these two-component systems, one protein is thought to function as a sensor that detects a specific stimulus and conveys this information to the second protein, which then functions as the effector or regulator. Stretches of amino acid sequence similarity have been identified in segments of the sensor proteins of many such systems, and CheA appears to contain such a sensor component. Similarly, analysis of the amino acid sequences of the effector proteins in these systems has identified sequence similarities that indicate the existence of a regulator component in each effector protein, and a version of this appears to comprise the N-terminal half of CheB (16, 28, 35, 50, 55) . The aspartate residues located at positions 10, 11, and 56 of CheB are among the strongly conserved elements on this regulator component. Consistent with this indication of selective importance, we found that these aspartate residues are essential for activation of the methylesterase and for phosphotransfer from CheA to CheB. The results discussed above indicate that although CheA and CheB are not involved in controlling gene expression, they do interact in a way that follows the paradigm of sensor-regulator interaction defined by the gene regulation systems. Furthermore, CheA-CheB communication involves the same biochemical mechanism (phosphotransfer) that has been demonstrated for sensor-regulator pairs in two other procaryotic sensoryresponse systems: the NtrB-NtrC system (26, 27) and the EnvZ-OmpR system (13) .
The results presented and discussed here provide a crude 
